Porous alumina membranes are commercially available and have been widely used in recent nanoscale research, for example, as templates in nanowire fabrication through electrodeposition. In this report, we present a new use for porous alumina membranes in the fabrication of alumina nanotubes/nanowires desired in electrochemical devices and catalytic applications. A high yield of alumina nanotubes/nanowires is obtained by etching porous alumina membranes in an aqueous sodium hydroxide solution. We studied the effects of etching time and solution concentration and characterized the alumina nanotubes/nanowires using a scanning electron microscope (SEM). A discussion of the possible mechanism for the formation of nanotubes/nanowires is given. Our results also imply that in nanowire fabrication through the template approach where alumina membranes are removed with sodium hydroxide solution to release the nanowires special attention is needed in characterizing the nanowires with the SEM because alumina nanotubes/nanowires can be easily mistaken for electrodeposited nanowires.
There has been a rapidly increasing interest in nanotubes and nanowires because of their unique properties as well as their wide variety of potential applications. [1] [2] [3] [4] [5] [6] Special attention has been paid to the preparation of nanotubes/ nanowires of metallic oxides because of their possible applications in electrochemical processes and catalysis. [7] [8] [9] Various methods have been reported with which to fabricate oxide nanotubes of silicon, 10 vanadium, 8, 11 titanium, 12 molybdenum, 13 aluminum, [13] [14] [15] and others. 16 Alumina nanotubes and microtubes have recently been prepared by coating the carbon nanotubes with aluminum isopropoxide 13 and by adsorbing aluminum hydride solution in diethyl ether on a fibrous carbonaceous substrate, 9 followed by calcination at high temperatures (up to 1600°C). Short (up to 400 nm) alumina nanotubes have also been fabricated by controlling the anodization process of aluminum in dilute sulfuric acid. 14, 15 The catalytic synthesis of alumina nanowires by heating mixtures of Al, SiO 2 , and Fe 2 O 3 to temperatures of 1000-1200°C has been reported. 17 Alumina nanowires with diameters on the order of 5 nm have also been observed during the etching of alumina membranes with highly ordered arrays of uniform pores. 18 In this letter, we report a convenient and inexpensive way to produce a high yield of both alumina nanotubes and nanowires by etching commercial porous alumina membranes in an aqueous sodium hydroxide (NaOH) solution at room temperature, with emphasis on the role of both the disordered distribution of pores and the variance of the pore size.
Porous alumina membranes have been used as templates to fabricate nanowires 16, [19] [20] [21] [22] through electrodeposition. An easy way to characterize the grown nanowires is to image them in the scanning electron microscope (SEM) after removing the alumina matrix with aqueous NaOH solution. The results reported herein indicate that special attention is needed to characterize the electrodeposited nanowires, as alumina nanotubes/nanowires formed during the dissolution of the alumina membranes are similar in shape and size to the nanowires expected to be grown in the pores.
Porous alumina membranes with nominal pore diameters of 20, 100, and 200 nm were purchased from the Whatman Company. 23 Because the thickness of the membranes is about 60 µm, it is difficult to handle the membranes if they are immersed in aqueous solution without any support. Also, a gold layer is usually coated on one side of the membranes as an electrode for the electrodeposition of nanowires. In these experiments, we deposited gold films of ∼400 nm on one side of the membrane and used silver epoxy to fix the membranes on a copper support (10 × 10 × 0.2 mm 3 ) with the gold side down. The purpose of the gold layer is twofold: to hold the nanoscale species during the etching process and to aid in understanding the dissolving process of the membranes used in nanowire fabrication because a gold layer serving as an electrode is also coated on one surface of the membrane during electrodeposition. The gold film and copper support can also minimize the charging effect during SEM imaging.
Samples (3 × 3 mm 2 ) cut from the same porous alumina membrane were immersed in an aqueous NaOH solution for various periods of time. We tested NaOH concentrations of 0.1-1.2 M and found that the dissolving process slows down with decreasing NaOH concentration. Here we report the results obtained with 1 M NaOH(aq) solution because this concentration was most often applied in dissolving the porous alumina membranes containing nanowires. 21, 22 To ensure that a consistent concentration of NaOH remained in the solution, we used about 10 times the calculated volume of solution needed to dissolve the corresponding amount of alumina samples completely.
The characterization of the possible nanoscale species was carried out with a high-resolution scanning electron microscope (SEM) (Hitachi S-4700 II). As discussed below, the sizes and shapes of the alumina nanotubes/nanowires are very similar for all three types of commercial membranes. Therefore, the results shown in this paper are from the membranes with a nominal pore size of 200 nm, except in Figure 4 , where the results from membranes with nominal pore sizes of 20 and 100 nm are presented for comparison.
We found that in certain etching periods a high yield of nanoscale species can be observed. SEM images of a sample immersed in 1 M NaOH for 35 min are presented in Figure  1 a and b, where part b is an expanded view of the lower right corner of part a. Both images show a high density of tube-and wirelike alumina species. At places denoted by symbols A and B in b, tubes can be identified with the help of the broken top parts. But most of the tubes do appear to be broken. (The term "nanotubes" used below includes both the intact and broken tubes.) The typical sizes of the nanotubes and nanowires are in the range of 100-200 nm, though small species of tens of nanometers can also be seen. The presence of these species is probably due to the breakage of the tubes. In Figure 1a , a portion of the gold layer on which no alumina nanotubes/nanowires stand can be clearly seen at the bottom of the image. In fact, we found that at this etching condition the alumina nanotubes form islands of 10-20 µm with gaps of 2-5 µm between them. The appearance of the bare parts of the gold film is probably due to the inhomogeneous adhesion strength of the gold film to the membrane. The nanoscale species on the gold areas with weaker adhesion might fall into the solution. The observed shrinkage of the island size with increasing etching time supports this assumption.
Usually a solution can enter small pores through the capillary effect. If air exists in the pores, however, it could hinder the complete filling of the pores. This situation is likely the case in our geometry, as one side of the membrane is coated with gold, effectively closing off the pores on that side. Subsequently, this means that the solution could reach only a certain depth within the pore through its open end. This is verified by the results in Figure 2 , which shows SEM images of porous alumina membranes immersed in 1 M NaOH for 15 min. Again, a high density of the nanotubes/ nanowires can be seen. In the middle of Figure 2a where the nanotubes/nanowires part, pores with a diameter of about 200 nm can be seen. At higher magnification, as shown in Figure 2b , we identified that the pores are from the membrane itself. The observation of the pores instead of the gold film as shown in Figure 1a indicates that the part of the membrane beneath the nanotubes/nanowires was not reached by NaOH solution. Figure 2a shows that the length of the nanotubes/nanowires is on the order of 15-20 µm, which should be longer than or equal to the penetration depth of the solution into the pores. These results, together with those in Figure 1 , indicate that the etching of the alumina membrane starts at the top bare surface and gradually develops toward the bottom surface that is coated with gold. After an etching time of about 50 min, no nanoscale species can be found on the gold film, probably because of the complete detachment of the nanoscale species from the gold film. In fact, broken nanotubes/nanowires can still be found in the NaOH solution, though, even after etching times of 120 min. This was confirmed by SEM images of a drop of solution containing the etched alumina membranes placed on a gold-coated glass slide. As indicated on its website, 23 the Anopore porous alumina membranes are manufactured electrochemically (i.e., by anodizing aluminum in an acid solution). The ideal membranes could consist of a densely packed array of regular, hexagonal-shaped cells with columnar pores in the cell center. The cell wall was found experimentally to consist of two parts: (1) a pure alumina layer near the cell boundary and (2) contaminated alumina with incorporated acid anions adjacent to the pores. 24 On the basis of the microanalysis results and the steady-state film growth rate in various acids, Thompson and Wood 25 proposed a cell structure that is shown in the left upper part of Figure 3a . There, the membranes consist of ideally packed hexagonal cells. The black and gray dotted areas of the cell consist of pure and contaminated alumina, respectively. In this case, nanotubes could form if the etching rate of the pure alumina were much larger than that of the contaminated alumina using a NaOH solution, as shown in case A of Figure 3a . Small nanowires should form from the remains at the corners of the cells if the pores expand homogeneously, as indicated in case B of Figure 3a . Unfortunately, the distribution of cells in the Whatman membranes is totally disordered and contains a large variation of pore sizes as seen in the SEM image of Figure 3b .
A more realistic mechanism for nanotube formation is presented in Figure 3a as case C, where the variation of the pore size and the distance between the pores are considered. Nanotubes will form if the wall between a pore and its neighbors is thicker than any wall separating neighbors from each other. When all pores expand homogeneously, a nanotube can be observed at certain moments when all or most of the walls between its neighbors break. With increasing etching time, the nanotubes will break, as observed earlier. Figure 3b also shows that at some places the wall thickness is much larger than the average value. Large alumina nanowires are expected to form at these places.
Our proposed mechanism emphasizes the role of the nonuniform pore size and the disordered pore distribution for forming nanotubes and large nanowires. It can be further tested by etching alumina membranes containing highly ordered pore arrays with uniform pore sizes. Previous reports 18, 26, 27 have shown that it is possible to obtain such alumina membranes by strictly controlling the anodization conditions. In fact, alumina nanowires with diameters on the order of only 5 nm, as expected from case B of Figure 3a , have been observed during the etching of alumina membranes with highly ordered arrays of uniform pores. 18 Figure 4a shows an SEM image of the nanoscale species obtained by etching alumina membranes with a nominal pore size of 20 nm. Surprisingly, the sizes and shapes of these nanoscale species are similar to those obtained by etching alumina membranes with a pore size of 200 nm, as shown in Figures 1 and 2 , even though they are expected to be much smaller because of the smaller nominal pore size. To understand these results, we imaged the membranes from both the top and bottom surfaces as well the cross section. SEM images of the top and bottom surfaces of a membrane with a nominal pore size of 100 nm are shown in Figure 4b and c, respectively. The SEM image of the top surface does show a nominal "hole" size of 100 nm. It also shows that the holes seem to be formed by a thin network layer, beneath which are pores of 200 nm. The SEM image of the bottom surface shows a totally different pore size and shape from those in Figure 4b for the top surface. The nominal pore size in Figure 4c is very close to that in Figure 3b for the membrane with a nominal pore size of 200 nm. Cross-section images further show that the pore size inside the membranes is 200 nm, even for the membranes with a nominal pore size of 20 nm.
On the basis of these results, we propose the model that is shown in the inset of Figure 3a for a Whatman membrane: it consists of a porous alumina support layer and an active layer. The support layers have the same nominal pore size of 200 nm for all three types of membranes. The networklike active layers actually control the pore size claimed by the company (i.e., the nominal pore sizes of the membranes bought from company means the hole size of the active layer). Such a membrane structure is suitable for the typical application of the membranes as filters where the holes of the active layer control the sizes of the species that can go through. For applications in nanoscale research (e.g. metal nanowire growth through electrodeposition), however, the pores in the alumina support layer rather than the holes of active layer are useful. For example, the diameters of the nanowires grown into the pores of the membranes of all three types will have the same nominal size of 200 nm, making an investigation of the size effect of nanowires difficult. 21 As mentioned above, the porous alumina membranes have been used in fabricating metal nanowires through electrodeposition. One way to characterize the nanowires is to dissolve the membranes in NaOH solution and then image the nanowires with SEM. The alumina nanotubes/nanowires formed by the etched porous alumina membrane itself can be easily mistaken as electrodeposited nanowires, even if nanowire growth was unsuccessful. Figure 5 shows an example that we encountered in fabricating superconducting lead nanowires with porous alumina membranes. There, the etching time and the NaOH concentration were 10 min and 1 M, respectively. SEM images showed the existence of nanoscale species with a size similar to that of the expected lead nanowires. Also, some of the membranes turned black. Magnetization measurements showed signals characteristic of superconductivity. All results suggested that the nanoscale species might be lead nanowires. Careful energy-dispersive X-ray spectrometry (EDXS), however, found no lead, and the lead nanowires were actually alumina nanotubes/nanowires. The shape of the nanoscale species seen in Figure 5b is clearly the same as that of broken alumina nanotubes. The superconducting signals are also different from that expected from lead nanowires. One possible reason for the inconsistency may be the pore size dependence of the growth rate for the lead nanowires. It is possible that the lead grew much faster in the few pores with much larger than average diameter or defects and quickly covered the surface once the growth reached the top of the large pores or defects. The black color of the membranes is due to the lead layer on the . SEM images of a porous alumina membrane used to grow lead nanowires followed by etching in 1 M NaOH for 10 min. The magnification used for b is about 10 times larger than the magnification used for a.
top surface rather than the few large wires in the membrane. The superconducting signal can mainly be induced by the lead layer on the top surface. Therefore, our observations suggest that special attention should be paid to characterizing nanowires electrodeposited in alumina membranes. Different types of measurements should be carried out to double check the existence of desired nanowires. Although it is sometimes difficult to focus on small species due to charging effect, EDXS microanalysis should be useful.
In conclusion, we studied the dissolution process of porous alumina membranes in NaOH solution. We demonstrated that a high output of alumina nanotubes/nanowires can be achieved by controlling the etching time and the solution concentration. The similarity of the observed alumina nanotubes/nanowires with the nanowires grown in the pores by electrodeposition calls for special care in characterizing the nanowires with scanning electron microscopy.
